Introduction {#sec1-1}
============

Obesity, as a serious threat to human health and quality of life, can lead to insulin resistance, diabetes, and cardiovascular diseases. Accumulating evidence indicates that obesity is a chronic low-grade inflammatory disease ([@ref1], [@ref2]). It is reported that excessive ingestion of fat without concomitant ingestion of antioxidant-rich foods/beverages may contribute to inflammation attributed to obesity, and study on the interaction of microbiota with food and obesity suggested a new hypothesis for the obesity/fat diet relationship with inflammation ([@ref3]). Adipose tissue is not only an energy storage, but an important endocrine organ with multiple metabolic roles in regulating whole-body physiology and plays an important role in the regulation of energy metabolism ([@ref4], [@ref5]). Small adipocytes of lean individuals promote metabolic homeostasis, while the enlarged adipocytes in obese individuals recruit macrophages and promote inflammation and the release of a series of factors that predispose to insulin resistance ([@ref6]). Research showed that one-day high-fat diet induces inflammation in the nodose ganglion and hypothalamus of mice ([@ref7]). Yida *et al*. also demonstrated that High fat diet-induced inflammation and oxidative stress ([@ref8]). Researchers reported that high-fat diet-induced obesity primes inflammation in adipose tissue prior to the liver in C57BL/6j mice ([@ref9]).

Recent studies have pointed out that the endoplasmic reticulum (ER) stress is a core signaling to connect with obesity and inflammation ([@ref10], [@ref11]).

ER is notable for its vital roles in lipid biosynthesis, calcium ion storage, and protein sorting and processing, and it can also regulate diverse cellular processes including nutrient metabolism, inflammatory and insulin signaling, and cell proliferation and death via a signaling pathway called the unfolded protein response (UPR) ([@ref12]).

Under some circumstances, such as increased fatty acids and stimulation of pathogenic microorganisms destructing the ER homeostasis and leading to the ER stress, the UPR in the cell will be activated in response to these stimuli ([@ref13], [@ref14]). Chronic UPR activation has been found in adipose tissue and/or liver of dietary and genetic murine models of obesity, and in human obesity and non-alcoholic fatty liver disease (NAFLD) ([@ref12]).

These stimuli, such as fatty acids frequently occur in the obese body. UPR can also activate the inflammatory response pathway via regulation of gene transcription and protein synthesis ([@ref15]-[@ref17]). Therefore, more attenu-ation has been paid to the role of ER stress in obesity and related metabolic disorders, and obesity-induced ER stress may cause chronic inflammation in adipose tissue ([@ref18]).

Toll-like receptor 4 (TLR4) is important for the development of chronic inflammation ([@ref19]). It has been indicated that the occurrence and development of obesity, diabetes, atherosclerosis, myocardial infarction, and other non-bacterial inflammatory diseases, are closely related to TLR4 ([@ref20], [@ref21]). In addition, researchers ([@ref22]) observed that TLR4 mediates microglial activation and production of inflammatory mediators in neonatal rat brain following hypoxia.

However, how obesity-induced ER stress regulates TLR4 signaling and the role of this regulation in inflammatory responses of adipose tissue, are still unclear. The present study aimed to feed the rats with a high-fat diet and to observe the changes of ER stress regulating TLR4 signaling pathway in rat adipose tissue.

Materials and Methods {#sec1-2}
=====================

Animals and experimental protocol {#sec2-1}
---------------------------------

Animal studies were in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health. One hundred Sprague Dawley rats (body weight 110--120 g) were purchased from Shanghai SIPPR-BK Experimental Animal Co. Ltd. All animals were housed in individual cages in a room with temperature (22±5 °C) and humidity control (50±10%), and allowed access to standard rat rodent chow and distilled water *ad libitum*. After 1 week of accommodation to environmental conditions, the animals were divided into four groups with 25 rats per group: 1) control group, fed with normal diet; 2) high-fat diet (HFD) group, fed with HFD purchased from Shanghai SIPPR-BK Experimental Animal Co. Ltd.; 3) HFD+PBA (an ER stress inhibitor, IP, 10 mg/kg) group; and 4) HFD+VIPER (a TLR4 blocker, IV, 0.1 mg/kg).

Sample acquirement {#sec2-2}
------------------

After 10 weeks of treatment, the rats were fasted for 14 hr, weighted, and anesthetized with 10% chloral hydrate (IP, 0.3 mg/kg). Blood was taken from the apex, centrifuged immediately at 4 °C, and stored in -80 °C refrigerator. Thereafter, the rats were sacrificed and abdominal adipose tissue was quickly removed without connective tissue and sliced into two parts. One part was immersed in 10% neutral-buffered formalin for histopathological examinations and another part was snap frozen in liquid nitrogen and kept at -80 °C for RNA and protein extraction.

Changes in rat body physiological and metabolic parameters {#sec2-3}
----------------------------------------------------------

Food intake and body weight were examined, and free fatty acids (FFA) were measured enzymatically (Hitachi 7600-020 automatic chemical analyzer) as previously described ([@ref23]).

Real-time PCR {#sec2-4}
-------------

Quantitative real-time PCR was used to measure mRNA expression of inflammatory TLR4, TNF receptor-associated factor 6 (TRAF6), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) in adipose tissue. Fat tissue (100 mg) was cut into pieces and fully homogenized, and total RNA was isolated by using Trizol reagent (Invitrogen, USA). RNA purity was determined using Tecan infinite M200 multifunctional microplate spectrophotometer. Thereafter, RNA (200 ng) was reverse transcribed to cDNA using High Capacity cDNA Reverse Transcription Kits (Invitrogen, USA). The primers for target genes and referenced gene (GAPDH) were designed and synthesized by Shanghai Sangon Biotech ([Table 1](#T1){ref-type="table"}). According to the instruction of SYBRR Select Master Mix (Life technology, USA), real-time quantitative PCR reaction was performed by using the Light Cycler 480 fluorescence quantitative PCR instrument. The parameters for PCR reaction were as follows: reaction system 20 μl; pre-degeneration with 50 °C for 2 min; degeneration with 95 °C for 2 min; and then 45 cycles of 95 °C for 15 sec and 60 °C for 1 min. The results were analyzed with Light Cycler480 1.5 software and the ratio of target gene to reference gene GAPDH was calculated.

###### 

Primers used for quantitative real-time PCR

  Genes   Forward primer                   Reverse primer
  ------- -------------------------------- -------------------------------
  TLR4    5'-CCGCTCTGGCATCATCTTCA-3'       5'-CCCACTCGAGGTAGGTGTTTCTG-3'
  TRAF6   5'-TCTCCCCTGCCTTCATTGTT-3'       5'-AGGCTGGCGATTTTGTGTTT-3'
  TNF-α   5'-GGCGTGTTCATCCGTTCTC-3'        5'-CTTCAGCGTCTCGTGTGTTTCT-3'
  IL-6    5'-ATTGTATGAACAGCGATGATGCAC-3'   5'-CCAGGTAGAAACGGAACTCCAGA-3'
  GAPDH   5'-GCAAGTTCAACGGCACAG-3'         5'-GCCAGTAGACTCCACGACAT-3'

Western blot {#sec2-5}
------------

Western blot was used to measure the protein expression of inflammatory TLR4 (Sigma Aldrich, USA,1:200), inhibitor kappa B kinaseβ(IKKβ) (Sigma Aldrich, USA,1:200), TNF-α (Santa, USA,1:200), mitochondrial stress-related protein, and Glucose Regulated Protein-78 (GRP78) (Santa, USA,1:200). Epididymal adipose tissue (100 mg) was taken and followed by adding the appropriate amount of lysate, phosphatase inhibitors, protease inhibitors, and Phenylmethanesulfonyl fluoride (PMSF) (KGP 250 Kit). After homogenization (8 min, twice), the protein extracts were placed in an ice bath for 30 min and then centrifuged to abstain the supernatant. Bicinchoninic Acid (BCA) method was used to measure protein concentration. An equal amount of protein was mixed with the SDS-PAGE sample buffer and boiled at 100 °C for 5 min, and then separated by 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membrane. After blocking with 5% BSA for 1 hr, the membrane was incubated with primary antibodies at 4 °C overnight. After three washes with PBST buffer, the membranes were incubated with HRP-labeled IgG for 1 hr at room temperature. The protein bands were detected using ECL reagents. Chemiluminescent signals were detected with Alphaview 1.3 and analyzed using the Image-pro Plus 6.0 Imaging System. Beta-actin (Sigma Aldrich, USA,1:300) was used as reference and the ratios of the target protein to β-actin were calculated.

Immunohistochemistry {#sec2-6}
--------------------

To detect the protein expression of GRP78 (Santa, USA) in adipose tissue, the adipose tissue slices were placed into an oven for 30 min at 60 °C to fix slices. Thereafter, the slices were immersed in xylene for 10 min, washed with PBS twice, blocked with 10% serum, and incubated with primary antibody for 2 hr at room temperature. The second antibody was added for 20 min at 37 °C followed by washing with PBS for 2 min three times. Stained with DAB and hematoxylin, resin was used to seal the glass slides for microscopic study to assess the histological change. Image-pro Plus 6.0 was used for image analysis.

Statistical analysis {#sec2-7}
--------------------

All data were statistically analyzed using SPSS 17 software. All data were expressed as the mean± standard deviation (x±s), n refers to the number of rats. Differences between groups were compared using independent t-test analysis. The differences were considered statistically significant when *P*\<0.05.

Results {#sec1-3}
=======

Changes in rat body physiological and metabolic parameters {#sec2-8}
----------------------------------------------------------

No significant difference in food intake among the four groups was observed. The body weight and FFAs levels of HFD, HFD+PBA, and HFD+VIPER groups were higher obviously than those of the control group ([Table 2](#T2){ref-type="table"}).

###### 

The effects of high-fat diet on rat physiological and metabolic parameters

  Group       n    Food intake (g/d)   Body weight (g)                               FFAs (mmol/l)
  ----------- ---- ------------------- --------------------------------------------- -------------------------------------------
  Control     25   152.76±5.86         476.12±9.36[\*](#t2f1){ref-type="table-fn"}   0.36±0.02[\*](#t2f1){ref-type="table-fn"}
  HFD         25   139.77±12.61        526.26±11.35                                  0.82±0.32
  HFD+PBA     25   142.26±11.26        522.51±10.65                                  0.79±0.11
  HFD+VIPER   25   136.65±13.87        515.02±8.97                                   0.80±0.51

Note:

*P*\<0.05 vs. others groups

Changes in mitochondrial stress-related protein GRP78 in adipose tissue {#sec2-9}
-----------------------------------------------------------------------

As shown in [Figure 1](#F1){ref-type="fig"}, GRP78 protein level in the HFD group was higher than that in the control group (*P*\<0.05), while GRP78 protein expression in the HFD+PBA group was lower significantly than that in the HFD group (*P*\<0.05), indicating HFD induced GRP78 expression, which could be decreased by ER stress inhibitor but not by TLR4 blocker ([Figure 1](#F1){ref-type="fig"}).

![Changes in mitochondrial stress-related protein GRP78 in adipose tissue. (A) Protein expression of GRP78 in the presence of TLR4 blocker and ER stress inhibitor. (B) Statistical analysis of protein expression. \**P*\<0.05 vs others groups; n=10](IJBMS-21-502-g001){#F1}

Changes in TLR4-related inflammatory signaling in rat adipose tissue {#sec2-10}
--------------------------------------------------------------------

Real-time PCR and Western blot were used to measure the mRNA and protein levels of key factors of the TLR4 signaling pathway. As shown in Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}, compared with the control group, the mRNA expression of TLR4, TRAF6, TNF-α, and IL-6, and protein levels of TLR4, TNF-α, and IKKβ, in the HFD group, increased significantly. In addition, these changes could be suppressed by PBA or VIPER treatment (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

![The mRNA expression of the inflammatory gene in rat adipose tissue.\
The mRNA expression of TLR4 (A), TRAF6 (B), TNF-α (C), and IL-6 (D) is higher than that in the control group, while the increase could be suppressed by PBA or VIPER treatment. \**P*\<0.05 vs others groups; n=10](IJBMS-21-502-g002){#F2}

![The protein expression of the inflammatory gene in rat adipose tissue\
(A) Compared with the control group, the protein expression TLR4, IKKβ, TNF-α is higher in the HFD group, and it is blocked by TLR4 blocker or ER stress inhibitor. (B, C, D) Statistical analysis of protein expression. \**P*\<0.05 vs others groups; n=10](IJBMS-21-502-g003){#F3}

Changes in ER stress in rat adipose tissue {#sec2-11}
------------------------------------------

Immunohistochemistry was used to observe GRP78 expression in different groups. The GRP78 protein expression in the HFD group was higher than that of the control group, which could be inhibited by PBA or VIPER treatment ([Figure 4](#F4){ref-type="fig"}).

![GRP78 protein expression in rat adipose tissue was determined by immunohistochemistry. (A) GRP78 protein expression in adipose tissue in the presence of TLR4 blocker and ER stress inhibitor. The arrow indicates GRP78 protein expression (200 x). (B) Statistical analysis \**P*\<0.05 vs others groups; n=15](IJBMS-21-502-g004){#F4}

Discussion {#sec1-4}
==========

ER stress has drawn much attention recently because of its potential roles in inflammation ([@ref24]-[@ref26]). It is reported that inflammation is associated with diseases caused by primary misfolding mutations and ER stress, since ER stress and activation of the unfolded protein response is a feature of some autoimmune and inflammatory diseases, and ER stress may be both a trigger and consequence of inflammation ([@ref27]). Liu *et al*. reported ER stress is involved in inflammation and ER stress-regulated immunity via activation of the NOD-like receptor (NLRP) 3/caspase1 inflammasome and in diabetes pathogenesis via the release of cytokines ([@ref28]). A study also reported that ER stress is the crossroads of inflammation, autophagy, and apoptosis signaling pathways and participates in liver fibrosis ([@ref29]).

Recent studies have shown that TLR4 signaling is crucial to the development of ER stress ([@ref22]). TLR4 signaling induces tissue pro-inflammatory cytokine release and ER stress ([@ref33]). TLR4 signaling is a major source of pro-inflammatory cytokines ([@ref30]) such as TNF-α ([@ref31]). TLR4 plays a crucial role in synovial inflammation and may contribute to the pathogenesis of rheumatoid arthritis ([@ref32]). TLR4 signaling promotes autonomic dysfunction, inflammation, and microglia activation, through neuronal ER stress, in the hypothalamic paraventricular nucleus ([@ref33]). It is reported TLR4 enhanced inflammatory responses and osteoclastogenesis, and then promoted cholesteatoma-induced bone destruction and deafness ([@ref34]). Researchers demonstrated that peripheral TLR4 stimulation acts as a transient counter-regulatory mechanism for inflammatory pain *in vivo*, and increases the release of opioid peptides from monocytes *in vitro* ([@ref35]). It is reported that TLR4-mediated ER stress in intestinal crypts induces necrotizing enterocolitis ([@ref36]). However, how obesity-induced ER stress regulates TLR4 signaling and the role of this regulation in inflammatory responses of adipose tissue remains less reported.

In the present study, we showed that ER stress regulates inflammation in adipocytes of obese rats via TLR4 signaling. GRP78 is a marker protein of ER stress that is an ER stress chaperone whose decreased expression is associated with Type II diabetes by inhibiting AKT activation in the GLUT signaling pathway to facilitate insulin resistance. In this study, compared with the control group, HFD induced GRP78 expression, which could be decreased by ER stress inhibitor but not by TLR4 blocker. These findings indicate that inflammation and ER stress set a positive feedback mechanism, thereby contributing to autonomic dys-function. It is reported that GRP78 plays an essential role in adipogenesis and postnatal growth in mice, and GRP78 is required for adipocyte differentiation, glucose homeostasis, and balanced secretion of adipokines ([@ref37]).

ER stress can drive a pro-inflammatory program, and it regulates inflammation and immunity through multiple mechanisms and facilitates the processing and secretion of cytokines and chemokines ([@ref38]). ER stress inhibitor and TLR4 blocker decreased the expression of TLR4, its downstream factors such as TRAF6, IKKβ, and inflammatory factors TNF-α and IL-6, indicating that TLR4 is the key signaling element of ER stress regulating inflammation in adipose tissue. This is supported by our findings that ER stress inhibition attenuated the increase of TNF-α, IL-6, TLR4, and GRP78. After suppression by PBA or VIPER treatment in the experiment group, the mRNA expression inflammatory genes (TLR4, TRAF6, TNF-α, and IL-6) in rat adipose tissue decreased significantly, suggesting that PBA or VIPER inhibited the inflammatory response. Masson *et al*. also demonstrated that inflammation induced by TLR4 activation is suppressed by ER Stress blocker or TLR4 blocker ([@ref33]).

In the current study, the protein expression of TLR4, IKKβ, and TNF-α is higher in the HFD group that is blocked by TLR4 blocker or ER stress inhibitor. This fact suggests that TLR4/IKKbeta Signaling Pathways plays an essential role in inflammation. Zhang *et al*. reported that berberine could reduce the level of ET of obese rats, down-regulate the TLR4/IKKbeta/NF-kappaB inflammation signal pathway in skeletal muscle and improve insulin resistance of skeletal muscle through inhibiting the TLR4/IKKbeta/NF-kappaB signaling pathway ([@ref39]). In our study, we also found that GRP78 protein expression decreased in adipose tissue in the presence of TLR4 blocker and ER stress inhibitor, indicating that TLR4 signaling plays an important role in the process of ER stress regulating inflammation.

Conclusion {#sec1-5}
==========

The experimental data showed that HFD could induce ER stress, and further enhance inflammation in adipose tissue. However, these changes could be suppressed by ER stress inhibitor or TLR4 blocker, these results indicate that ER stress plays important pathophysiological roles in obesity-induced adipose tissue dysfunction, and TLR4 was the key signaling for ER Stress regulating inflammation in adipose tissue. The present study may suggest a new strategy for the treatment of chronic inflammation induced by obesity.
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